[1] The radiative effects of cirrus clouds are evaluated based on observations extending over a period of six years (2000 -2005) from the Moderate Resolution Imaging Spectroradiometer (MODIS) and the Clouds and the Earth's Radiant Energy System (CERES) over the Tropics (25°S-25°N). The cloud radiative effect (CRE) shows a positive sign for optically thin cirrus (total-column cloud optical depth: t < 10) and a negative sign for thicker clouds (t ! 10), regardless of the region and season. Since a considerable portion of tropical ice clouds consists in thin cirrus clouds (>60%), their net effective CRE (net CRE Â cloud amount) is roughly twice as strong as that of thicker clouds; the modulation of the net radiative flux by variations in thin cirrus (particularly with 1 t < 9) dominates-up to 15 W m
Introduction
[2] The effect of cirrus clouds on the energy balance of the tropical atmosphere is of vital importance since clouds are the major modulators of radiation in the Tropics. Their frequent occurrence and persistence, their large areal extent, and high altitude make them important components in the vertical transport of energy through radiative processes [Fleming and Cox, 1974] . The spatial and temporal variations of cirrus may be another major factor that alters radiation budgets. In general, cirrus layers have overlapping lower clouds in the Tropics, and their optical depths (t) often lie outside the detectable range [Dessler and Yang, 2003; Choi et al., 2005] . Thus, the substantial effects of tropical cirrus have seldom been evaluated by satellite observations.
[3] Hartmann et al. [2001] examined various cloud types of the International Satellite Cloud Climatology Project (ISCCP) and found that individual convective cloud elements have a strong positive effect on the longwave (LW) radiation and a strong negative effect on the shortwave (SW) radiation. On the basis of satellite-observed radiation and clouds, numerous studies suggest that, in tropical regions, the SW and LW contributions to cloud radiative effects (CRE) almost cancel each other in the aggregate [Hartmann et al., 2001; Futyan et al., 2004] . However, there remain reasons to question this apparent cancellation, and some studies have proposed could feedbacks that rely on the changes in the distribution of cloud types, particularly optically thick or thin cirrus related to deep convection [e.g., Ramanathan and Collins, 1991; Lindzen et al., 2001; Chou and Lindzen, 2002] . Clearly, in order to understand the extent to which various regulatory hypotheses can operate in a real climate system, it is necessary to establish the actual radiative effects of cirrus clouds with varying optical depths in terms of their relative distribution as well as the changes in their absolute amounts.
[4] The identification of an optically very thin cirrus (t < 1) in the upper troposphere can be resolved to a great extent by a cirrus detection method incorporating a 1.38-mm reflectance from a Moderate Resolution Imaging Spectroradiometer (MODIS) instrument [Gao et al., 2002; Meyer et al., 2004] . The 1.38-mm channel is specially designed to detect thin cirrus. Since the peak of this band lies in a strong water vapor absorption region, higher clouds appear brighter due to the fact that reflected sunlight is not significantly attenuated by water vapor over the cloud layer, as is the case for the reflected sunlight from low and mid level clouds [Ackerman et al., 1998 ]. Dessler and Yang [2003] documented that one-third of the cloud-free pixels flagged by the MODIS mask algorithm contain thin cirrus that is detectable by this channel.
[5] We attempt to evaluate the CREs of cirrus clouds over the Tropics (25°S -25°N) with different optical depths by using the cloud and radiance data obtained from the MODIS and Clouds and the Earth's Radiant Energy System (CERES), respectively. This data was accumulated by the Terra satellite over a period of 6 years (2000) (2001) (2002) (2003) (2004) (2005) . The present results support the radiative transfer simulation presented by Choi et al. [2005] , which showed the CREs of a single-layer high cloud of varying optical depths. Furthermore, among the optically different cirrus clouds (i.e., either single-layer cirrus or cirrus with overlapping lower clouds), the one that plays an important role in the change in outgoing LW radiation (OLR), SW, and net radiant flux at the top of atmosphere (TOA) is determined.
Data and the Analysis Method
[6] The present study uses the amount of cirrus clouds and total column cloud optical depth (averaged by quality assessment weights) in version 4 of the MODIS/Terra daily atmospheric product (MOD08) from March 1, 2000 to June 30, 2005. The spatial resolution of the parameters in the MOD08 level-3 product is 1°Â 1°. The cirrus amount in the MOD08 is derived from cirrus reflection [Dessler and Yang, 2003 ] and aggregated into a cirrus category based on its pixel-level cloud product (MOD06) [Platnick et al., 2003] . The minimal detectable optical depth of the MODIS cirrus clouds is 0.02 with an uncertainty factor of 2 [Dessler and Yang, 2003] . The cloud optical depth is obtained by performing simultaneous reflectance measurements in various solar bands-0.6, 1.6, 2.2, and 3.7 mm [Platnick et al., 2003] . However, when clouds lie in multiple layers, which is a common occurrence in the Tropics, the visible optical depth of a single cloud layer cannot be estimated by this method alone.
[7] Edition 2 of CERES Earth Radiation Budget Experiment (ERBE)-like data (ES4) contains the daily averaged total-sky and clear-sky radiative fluxes (LW and SW) and solar insolation at the TOA in a 2.5°Â 2.5°grid. We use the ES4 data from the same Terra platform to combine with the cloud information from the MOD08 data. The TOA fluxes in the ES4 data are values that are spatially degraded and temporally averaged from the instantaneous TOA fluxes from the ES8 level-2 data [Wielicki et al., 1998 ]. In this study, the ES4 data are converted into a grid of resolution 1°Â 1°and the data period is set identical to that of the MOD08 data. Thus, the ES4 data variables are made comparable in time and space with the MOD08 data.
[8] Since the optical properties and spatial distribution of clouds vary even within an hour, it may be necessary to consider data with a high-temporal resolution for the purpose of precisely measuring the CRE of individual clouds. Hence, the 1-year (2004) CERES/Terra gridded TOA and the Surface Fluxes and Clouds (SFC) data (edition 2C) are also analyzed in this study. The SFC data differs from the ERBE-like data product-the SFC has hourly single satellite fluxes that coincide with the cloud parameters. The fluxes in the SFC are obtained by averaging the CERES footprints from the single scanner footprint data product (level-2) for 1°Â 1°regions in an observation hour. For combining the cloud parameters, CERES merges the cloud property retrievals from the MODIS imager on the same platform. Therefore, only CERES footprints with imager coverage are included in the SFC product. The CERES identifies the multiple cloud layers separated at three top heights of 700, 500, and 300 hPa based on improved scene identification [Wielicki et al., 1998 ]. The cloud parameters employed in the SFC are the total column optical depth of high cloud and high cloud fraction (i.e., top height < 300 hPa). The errors in the instantaneous estimated fluxes of SW and LW are 13 and 4.3 W m
À2
, respectively, which may be due to the scene identification [Chambers et al., 2001] and nighttime contamination of CERES clear-sky field of view by thin cirrus [Lee et al., 2006] .
[9] The authors consider a 1°Â 1°region that is partially covered by high (or cirrus) clouds. This region consists of an overcast part with a fractional coverage h and a clear-sky region with a fractional coverage 1 -h; hence, the foregoing CERES-observed flux (F) over the region can be given by
where F cl and F ov are the clear-sky and overcast fluxes, respectively. Then F ov is assumed to be affected by high clouds. The CREs of high cloud on F ov can be evaluated using
where F cl , F, and h are used in the CERES SFC data. F is actually not only affected by high clouds but also by middle and low clouds. Therefore, equation (2) is valid only if the middle and low clouds have little impact on radiation.
[10] SW and LW CREs can be separated from equation (2) as follows:
where Q is the solar insolation, r cl and F lw cl and r and F lw are the clear-sky albedo and OLR and CERES-observed albedo and OLR, respectively. Note that the net CRE is commonly defined as the sum of SW and LW CREs calculated in equations (3) and (4), respectively.
[11] Cloud types with larger areal extents may have stronger effects on the Earth radiation budget. For a large tropical domain, it will be useful to attempt to describe the actual amount of CRE provided that an effective CRE can be defined:
where the brackets denotes the domain average of the values for 1°Â 1°regions (i.e., [CRE] = P CRE cosq P cosq, where q is the latitude). A is the domain-averaged high cloud amount obtained by [h] .
[12] On the other hand, the domain-averaged net radiative flux (F net ) is calculated by
The first term on the right-hand side of equation (6) represents the absorbed SW flux within the earthatmosphere system [Liou, 2002] . In equations (3), (4), and (6), the daily mean solar insolation of Q in the CERES ES4 data is used.
Simplicity and Characteristics of Net Cirrus Radiative Effect
[13] Figure 1a shows the annual mean distribution of cirrus clouds in the Tropics from the MOD08 data. The cirrus coverage over the tropical West Pacific (WP) and East Indian Ocean exceeds 50%, while it is under 20% over the tropical East Pacific (EP) in the Southern Hemisphere. This is due to the relatively weak convective activity in the EP [Hartmann et al., 2001] . Thus, the upper troposphere over the tropical Pacific is separated by two distinct regionsvery moist in the WP and very dry in the EP [Lindzen et al., 2001] . Convective and subsidence regions, in fact, both are present in the WP and in the EP in different proportions. The frequency diagrams of cirrus amount versus total column cloud optical depth over the entire Tropics, WP (25°S-25°N and 80°E-180°E), and EP (25°S-25°N and 180°W-80°W) are shown in Figure 1b . Since the 1.38-mm channel is more sensitive to thin cirrus clouds, the cirrus scenes (1°Â 1°grid) with undetermined cloud optical depth are excluded in Figure 1b . Note that the cirrus scenes shown in Figures 1a and 1b refer to all cirrus clouds including those with overlapping lower clouds. Most of the grids flagged as cirrus in the MOD08 have a cloud optical depth that is smaller than 10 in the Tropics; the frequency of thin cirrus (t < $10) is one order higher than that of thick cirrus (t > $20). Interestingly, large (>80%) and small (<20%) amounts of cirrus clouds in the grids are more frequent. This may be due to their large areal extent.
[14] Figure 2 shows the CREs of high cloud in the available SFC data over the Tropics (Figure 2a) , WP (Figure 2b ), and EP (Figure 2c ) calculated by equations (3) and (4). Here, the CREs of the Tropics are calculated only when h is greater than 20%; this is primarily because a small value of h would result in an overestimation of the CRE in equations (3) and (4). This large h may diminish the effect of middle and low clouds on F ov , which we have neglected in equation (1). The values of the CREs are shown in the order of the optical depth (x-axis) of high cloud in the corresponding 1°Â 1°grid. The averages of SW, LW, and net CREs for each log-scale bin of cloud optical depth are displayed in Figure 2 . As clouds influence both the emitted LW flux by Earth and the incident SW flux on Earth, LW (SW) CRE is positive (negative) up to 460 and À730 W m À2 for LW and SW, respectively. The values of both LW and SW CREs have large uncertainties (shaded area) due to many factors such as various cloud altitudes and beam filling problems [Wielicki and Parker, 1992] . Despite the opposite signs of LW and SW CREs, the net CRE has positive values for thin clouds (t < $10) and negative for thick clouds (t > $10). On the whole, these features are consistent with the radiative transfer model results [cf. Choi et al., 2005] . However, the cloud optical depth corresponding to the zero net CRE is different; in this study, t is $10, while it is $3 in work by Choi et al. [2005] . This discrepancy may be due to the specified solar zenith angle of 0°with a cloud top at 200 hPa in the model simulation. In other words, the solar zenith angle and the cloud top contribute significantly to the CREs of cirrus clouds.
[15] Overall, the mean CREs appear to be independent of a region, although instantaneous CREs vary (Figure 2) . In all the cases in Figure 2 , the net CRE is almost negated for clouds with t of $10. Although not shown in this figure, the net CRE indicates that the patterns during MaySeptember and November-March are similar. This similarity reveals that CRE is mostly a function of the optical depth and does not seem to depend significantly on any large-scale variables such as cloud types, atmospheric water vapor, circulation, etc. In other words, the distribution of CREs for various optical depths is what we refer to as 'simple.'
[16] The effective CREs defined by equation (5) in the Tropics are examined next (see Table 1 ). First, each scene with a cirrus amount greater than 0% is classified based on its total column cloud optical depth so that only the scenes with cirrus are considered in addition to those with overlapping lower clouds, which increase the cloud optical depth through the total atmospheric column. We applied the criteria of cloud optical depth for the ISCCP cloud type (i.e., roughly 1, 4, 9, 23, and 60) to the classification [Rossow and Schiffer, 1999] . Both the cirrus amount and cloud optical depth are obtained from the available MOD08 data. Thus, the cirrus cloud scenes can be classified into 6 categories: Ci1 (t < 1), Ci2 (1 t < 4), Ci3 (4 t < 9), Ci4 (9 t < 23), Ci5, (23 t < 60), and Ci6 (60 t). Accordingly, Ci1 and Ci6 may indicate very thin singlelayer cirrus and cirrus with overlapping deep convective clouds, respectively. Ci2 to Ci5 may represent either singlelayer cirrus or cirrus with overlapping low/middle clouds. Table 1 lists the annual mean cloud amounts (lines A and B are for the Tropics and tropical cirrus clouds, respectively), CREs (lines C to E), and effective CREs (lines F to H). The cloud amounts of Ci1 to Ci3 (hereafter, A[Ci1, Ci2, Ci3]) account for more than 60% of the total cirrus (1.75 + 29.42 + 30.38 in line B). On multiplying the cloud amounts by the above simple net CRE obtained from the SFC data, the net effective CRE is positive (negative) for Ci1 to Ci3 (Ci4 to Ci6) (line H). The absolute value of the net effective CRE for Ci1 to Ci3 is almost twice that for Ci4 to Ci6 (7.69(= 0.26 + 4.75 + 2.68) vs. À4.35(= À1.57 À 2.35 À 0.43) in line H). Therefore, in the actual atmosphere, thin cirrus (t< 9) has stronger radiative effects than thick cirrus (t ! 9), i.e., cirrus clouds coexisting with thick lower clouds. We note that the effective CRE of a very thin cirrus (t < 1) is, on the contrary, very small-0.47%-due to the low value of its fraction in the Tropics.
Changes in Radiative Fluxes by Cirrus
[17] Since clouds alter radiative fluxes by changing their areal extent, it is important to consider the variation (maximum -minimum, D) in the cloud amounts (DA) and net fluxes (DF) in addition to the abovementioned effective CREs for evaluating their actual impact on the tropical energy balance in a real system. This section attempts to find the observed variability of the contribution of each of the cirrus categories to the radiative fluxes. Figure 3 shows the domain-averaged values of absorbed SW flux (blue), OLR (red), and net radiative fluxes (black), which are calculated from equation (6) over the Tropics in the ES4 data. In this calculation, the fluxes coincident with the relevant cirrus-category scenes are averaged separately. The fluxes are then plotted with the corresponding domain-averaged cloud amount for each of the cirrus categories (Figure 3 ). DA and DF can then be deduced from Figure 3 as the range on x-and y-axes, respectively. Clearly, Figure  3d with Figures 3b and 3c ). This is due to the low net effective CRE for Ci4 (refer to Table 1) .
[18] In case of a higher sea surface temperature (SST) and more convection activity over the WP as compared to that over EP, the extents of the prevailing DF [Ci2, Ci3] between the WP and EP (?F[Ci] WP vs. DF[Ci] EP ) may differ. This is obviously because of the fact that thin cirrus is formed either by the outflow from convective anvils or large-scale uplifts independent of convection [Jensen et al., 1996] 
Discussion
[19] The present study examined the CREs of optically different cirrus clouds over the Tropics. The cirrus clouds have a net CRE ranging from positive to highly negative. On average, the LW and SW CREs for cirrus with t $ 10 almost cancel each other. The optical depth of the cirrus of zero net CRE, which is independent of the domain and season, is maintained at about 10. Therefore, CRE does not seem to depend significantly on any large-scale variables. Presumably, CREs of a meso-scale system as a whole might be affected by the large-scale variables by changing the optical depths of the clouds that composes the meso-scale system. This simplicity of the averaged CRE pins down our analysis. The cirrus categories (Ci1 to Ci6) divided by the optical depth can provide apparent information on the relative strengths of the CREs between the thin and thick cirrus. Effective CRE (i.e., CRE Â cloud amount) is dominated by Ci2 and Ci3 (i.e., 1 t < 9) as compared to the other categories. DA[Ci2] and DA[Ci3] are also very high in the Tropics, thereby resulting in large DF[Ci2] and DF [Ci3] . On the other hand, the impact on SW is larger than that on LW for middle and low clouds. Since the results in this study are contaminated by the effects of middle and low clouds, the actual cirrus net warming effect should be even larger than what is presented.
[20] Although the annual mean cirrus amounts are higher in the WP than in EP (see Figure 1) , the ratios of the cirrus amounts for the 6 categories to the total cirrus amount in the WP are similar to those in the EP (table not shown). Thus, the dominance of effective CRE for Ci2 and Ci3 is also shown to apply in both the WP and EP.
[21] Our analysis suggests that Ci2 and Ci3 are the principal components that alter the radiation balance of the Earth; this is based on the analysis performed using the recent 6-year satellite-observed data of the MODIS and CERES. In other words, very thin cirrus (Ci1; t < 1) or thick clouds (Ci4, Ci5, and C6; t ! 9) may not modulate the radiation significantly, although the CREs of individual clouds are strongly positive or negative. This is due to two main reasons-small fractional coverage and small variation in the area. Further, these small factors are a result of the largely distributed multilevel cloud layers, which significantly reduce the single-layer cirrus coverage.
[22] In fact, the implications of the results are linked to a number of previous studies. First, very thin cirrus (t < 1) should not be a major issue in studies concerning cirrus detrained by the convection in the Tropics (e.g., Ramanathan and Collins [1991] , Lindzen et al. [2001] , and many others). Further, deep convective clouds are generally very sensitive to the changes in SST, particularly in the WP; however, their effects on radiation are relatively small on an average allowing for their small areal extent over the entire Tropics. Instead, cirrus clouds associated with deep convection, which may partially be a secondary outcome of the SST warming in the Pacific, have a greater impact due to their large areal extent and variation. 
